In this paper, limits are set on bileptons masses and couplings in the context of the the 331 Model, as well as generic, non-331 Models predicting bileptons. The following measurable processes are studied: pp → + + − − X, pp → + − ννX and pp → + − X. Experimental limits on singlycharged bileptons masses and couplings within 331 Models are also obtained for the first time.
formerly known as Super-LHC (sLHC), the reach increases only by 20% [3] . Due to kinematics, however, these conclusions are heavily dependent on the leptoquarks masses that are predicted in the fermionic sector of the model. Should these particles be at least as heavy as 2 TeV the discovery reach for bileptons increases significantly [4] . Regarding experimental constraints, a mass bound of M Y > 740 GeV for doubly-charged bilepton gauge bosons was derived from constraints on fermion pair production at LEP and lepton-flavour violating charged lepton decays [5] . It represented the most useful limit on doubly-charged vector bileptons for the past 20 years. Searches for muonium-antimuonium conversion [6] at PSI put the more stringent limit of M Y > 850 GeV on Y ±± , however, this is a less general limit as it assumes flavor-diagonal coupling for bileptons. Constraints on singly-charged bileptons are due to experimental limits on µ R → eνν and ν µ → ν e oscillations, and are about 40%
lower than for doubly-charged bileptons [7] . All these limits are now surpassed by the results of this article.
The most stringent limits on Z gauge bosons within 331 Models up to now have been derived from weak charge data of Cesium and proton [8] and establish a lower bound of 4 TeV for these particles in the minimal version of the 331 Model, with a lowest value of 1.25 GeV for a version of the 331 Model discussed in [9] . Recent limits from the ATLAS Collaboration imply a Z mass lower limit of 5.1 TeV in the Sequential Standard Model [10] at 95% confidence level. While this is the most stringent limit on any Z mass, it is not applicable to 331 Models. As pointed out in Ref. [11] , the lower bounds of Z mass can be significantly lower than those obtained from LHC, if other decay channels of Z into new particles are included. The limits obtained in our work are, therefore, the most stringent limits for Z in the 331 Model framework using hadron collision data.
This article is organized as follows. Section II describes in detail the numerical implementation of the studied processes in Monte Carlo event generators and in a fast parametric detector simulation, including an overall description of the masses and couplings used in the simulations. In section III calculated cross-sections at 13 TeV center-of-mass energy, as well as widths for given particle masses are described. The limit setting procedures using a Bayesian approach is discussed in IV, followed by the specific limits obtained for Z , doublycharged and singly-charged bileptons on sections V, VI and VII, respectively. Conclusions are presented in section VIII.
II. NUMERICAL IMPLEMENTATION
Bileptons can be produced in pairs at the LHC through a Drell-Yan-like process mediated by the photon, the SM Z 0 and the new neutral heavy boson Z . They can also be produced via a t-channel with a leptoquark exchange. The additional t-channels are needed in order to guarantee that all relevant quark sub-processes respect unitarity. The Feynman diagrams for bilepton production are shown in Figure 1 . In doubly-charged bilepton pair production, each bilepton decay into a same-sign lepton pair, and therefore the natural processes to search for these type of bileptons is pp → Y ++ Y −− → + + − − X, where = e, µ. For singly-charged bileptons, the characteristic decay is a signal with an opposite-charge lepton pair and two neutrinos, pp → V + V − → + − ννX. Leptonic decay is also the cleanest signal for Z searches, hence in this work we investigate the processes pp → Z → + − X.
The production cross-sections for the 331 bosons were calculated using the calchep event generator [12] , where the model was previously implemented [13] . Events were generated for all the processes mentioned above using the CTEQ6L1 parton distribution function and center-of-mass energy of 13 TeV. The generated events at parton level were processed by pythia8 [14] to simulate parton shower, hadronization, and underlying event. A fast detector simulation was performed using delphes [15] with ATLAS detector configuration.
Pile-up is taken into account by overlaying minimum-bias events simulated with pythia with the hard-scatter process. The average number of pp interaction per bunch crossing considered in this work is 24.
The bilepton masses were taken in the range of 400 GeV to 1300 GeV, and the Z mass ranged from 1 TeV to 5 TeV. The leptoquarks masses were fixed at M Q = 1.5 TeV. When generating the bilepton events, the Z mass was fixed at 5 TeV. This particular choice of M Z has no significant impact on the bilepton cross-section, since the on-shell Z exchange contribution is only relevant for M Z < 1 TeV. In order to perform a more general analysis, the coupling g 3l between bileptons and leptons is also varied as a free parameter, following a similar approach used in Refs. [16, 17] . Besides the value g 3l = 1.19 √ 4πα = 0.373, that characterizes the 331 Model [18] , five other possibilities are investigated: g 3l = 2, 4, 6, 8, 10.
III. CROSS-SECTIONS AND WIDTHS
The width-mass ratio (Γ/M ) for bileptons is shown on Figure 2 . The ratio for three representative values of g 3l are plotted. For small values of g 3l , the bilepton resonance is very narrow, with Γ/M < 1%. For g 3l > 2, it increases rapidly, reaching ∼ 30% for g 3l = 4
and ∼ 190% for g 3l = 10. It can be noticed that, since the bilepton decays are the same for the interval shown, the ratio remains constant for each value of g 3l . Figure 3 shows the Γ/M ratio for Z 331 . The Z is a broad resonance in the minimal 331
Model. The Z 331 width becomes larger from M Z 331 = 3 TeV as a result of the boson decay to the model's leptoquarks. Figure 4 shows the cross-section for four-lepton production mediated by bileptons as The total bilepton width, however, increases as g 3l rises, causing the total cross-section to decrease.
This cross-section behavior is characteristic for the case we are studying, where the bileptons decay only to leptons and not to leptoquarks (M Q > M Y,V ). The cross-section for the
LO cross-sections are multiplied by a k-factor of 1.25 to take into account NLO effects [19] .
The di-lepton production cross-section mediated by Z 331 is shown by the solid red line of Figure 6 . The small bump around 3 TeV indicates the point from where the exotic decay Z 331 → QQ becomes kinematically allowed.
IV. LIMIT SETTING PROCEDURE AND VALIDATION
The invariant mass distributions m( ) of lepton pairs derived from doubly-charged bileptons and from Z productions are used to calculate upper limits on σB, where σ is the cross-section of the new physics process and B is the branching ratio of Z and Y ±± decaying to leptons. For the singly-charged bilepton analysis, another distribution, the so-called "stransverse" mass [20, 21] , is used. A likelihood function defined as the product of Poisson probabilities over all distribution's bins of a given search is constructed. To calculate the limits, a Bayesian approach is applied with a flat prior probability distribution for σB, and the Bayes theorem is employed to evaluate the marginal posterior probability density function, L(σB|N ), where N is the number of observed events. Upper limits at 95% CL are set on σB by integrating the posterior probability density function as
where (σB) up is the calculated limit. The calculation is performed with the Bayesian Analysis Tool Kit [22] . In order to validate the signals' simulation and the limit setting procedure described above, we calculate limits on Z SSM and Z χ models, with the Z signals simulated with pythia and delphes, and compare the results with those obtained by the ATLAS Collaboration [23] . Table I show the results for electron and muon channels combined. As we can see, there is a good agreement between the ATLAS results and the limits obtained using the signals simulated with delphes.
To set limits on bileptons masses an couplings, and on Z mass, different ATLAS searches are considered. The data sample in all the analysis corresponds to an integrated luminosity 
V. LIMITS ON Z 331
Limits on Z 331 mass are set using the data from Ref. [23] . significant improvement compared to previous bounds on Z from 331 Models [24] [25] [26] .
VI. LIMITS ON DOUBLY CHARGED BILEPTONS
In this section, the ATLAS search for doubly charged Higgs bosons [27] are interpreted in terms of doubly charged bileptons. The analysis focuses on Y ±± → e ± e ± and Y ±± → µ ± µ ± decay channels. The bilepton decay in different lepton flavors, Y ±± → e ± µ ± , is not considered since there is no usable data available for this particular channel.
As the doubly charged bileptons are produced in pairs, the selected final state must have 101.2 GeV. In the three leptons events, signal sensitivity is optimized by imposing the same charge lepton separation to be ∆R( ± ± ) > 3.5 and their combined transverse momentum to be p T ( ± ± ) > 100 GeV. In addition, the scalar sum of the individual leptons transverse momenta is required to be greater than 300 GeV.
The invariant mass of the same sign leptons pair is used as discriminant variable. In the case of events with four leptons, the variable considered is the average invariant mass of the two same charge leptons:
The analysis is performed in the region where m( ± ± ) and m are both above 200 GeV. Limits are set considering different bilepton mass and coupling (g 3l ) hypothesis. The excluded parameter space is shown in Figure 8 , from where we conclude that doubly-charged bileptons with masses between ∼ 750 GeV and ∼ 1200 GeV are excluded. For high values of g 3l , the observed limits are weaker than the expected due to the larger bilepton width.
It it interesting to note that the four leptons production cross-section does not change significantly for g 3l < 1, which means that M Y > 1.2 TeV is the maximum bound on doubly-charged bileptons mass that can be reached with the data considered.
VII. LIMITS ON SINGLY-CHARGED BILEPTONS
The production of singly-charged bileptons are characterized by events with two leptons and missing transverse energy in the final state. It is the same measurable final state studied in charginos and sleptons searches from supersimetric models. Here we use the ATLAS data from supersimetric searches [28] to set bounds on singly-charged bileptons. This analysis considers all possible leptonic final states produced by the singly-charge bilepton pair production:
The signal events candidates are required to have exactly two leptons and missing trans- The final selection applied is based on the the variable "stransverse mass", m T 2 , defined as [20, 21] :
where The observed and expected exclusion limits are displayed in Figure 10 . Singly-charged bileptons with masses between 600 GeV and 850 GeV are excluded at 95% CL. The observed limits are smaller than the expected ones due to the data excess observed in the region m T 2 > 250 GeV, as we can see in Figure 9 . These results are the first limits derived for singly-charged bileptons using LHC data.
VIII. CONCLUSIONS
Limits on the mass and couplings of vector bosons from 331 Models are derived using different ATLAS searches at 13 TeV and 36.1 fb −1 of data. Three search channels are investigated: di-lepton production, four lepton production and di-lepton production plus missing transverse energy. These channels are used to derive exclusion limits on Z 331 , doublycharged and singly-charged bileptons, respectively. A Z 331 with mass smaller than 3.7 TeV is excluded. For bileptons, the coupling strength to leptons is varied and its found that doublycharged bileptons with masses up to 1.2 TeV are excluded. For singly-charged bileptons, the maximum bound is 850 GeV, and it represents the very first direct limit on singly-charged bileptons obtained with hadron collision data. These results improves previous limits on 331
vector bosons and at the moment this paper is written, they are the most stringent limits on these particles. 
